The paper presents the results of an experimental investigation wherein the bullet form drag force as a function of oscillating actuator frequency, various voltage and for different orifice/slot configuration are studied. In order to perform the experiment, an axisymmetric bullet shape model with ellipsoidal nose was used in wind tunnel. The synthetic jet actuator was used to flow control at sharp cut end. The experiment was conducted in a wind tunnel with a working diameter of 1000 mm and a maximum velocity of 45 m/s. The measurements were carried out for the Reynolds number from 88000 to 352000 and for relatively large Strouhal numbers up to St = 4.5 based on model external diameter and free stream velocity. While synthetic jet was switched on, drag coefficient has been reduced by -6% and increased by +22% in relation to the case with the synthetic jet was switched off. The synthetic jet has more impact for relatively low free stream velocity and for single axisymmetric orifice.
NOMENCLATURE

INTRODUCTION
The long term increasing fuel prices and energy consumption has been a global issue. Fuel consumption due to aerodynamic drag of a road vehicle consumed more than half of the vehicle's energy at highway velocity (Krishnani (2009) ).
Aerodynamic drag consists of two components: pressure drag and skin friction drag. Bluff body pressure drag accounts for more than 80% of the total drag and it is strongly dependent on body geometry due to boundary layer separation and formation of wake region behind the body (Sudin et al. (2014) ). Reducing the aerodynamic drag improves fuel efficiency, thus shape optimization is an essential part of vehicle design process (Mayer & Wickern (2011) ; ).
Flow separation control can be divided into passive and active methods. The classification of both methods is based on the condition whether the energy is consumed to control the flow or not. Passive flow control consists of discrete obstacles like vortex generators VRs (Dubey et al. (2013) ; Koike et al. (2004) ; Gopal & Senthilkumar (2012) ; Kim & Chen (2010) ), spoilers (Hu & Wong (2011) ), diffusers (Huminic et al. (2012) ) or other add-on devices (Wahba et al. (2012) ; Khalighi et al. (2013) ; Leder (1992) ; Soja (1994) .
Active flow control includes steady jets, suction or unsteady jets see (Sudin et al. (2014) ; Littlewood & Passmore (2012) ; Rouméas et al. (2009); Zhang et al. (2008); Freud & Mungal (1994) ; Englar (2003) ; Geropp & Odenthal (2000) ; Tesař et al. (2016) ; Tounsi et al. (2016) and Kavousfar et al. (2016) Li et al. (2015) investigated drag control of a Dshaped bluff body using synthetic jet. A model made from acrylic glass was mounted in an openloop wind tunnel with 300x300x700 mm test section. Two arrays of loudspeakers, 3 in each array were used to form two slot jets. Each slot of 2 mm height and 165 mm width were directed at 45° to the free stream and located along the upper and lower edges on the rear wall. Constant temperature anemometer was used to determine synthetic jet velocity and smoke wire visualization technique was used to study the evolution of the flow structure. Drag force with synthetic jet was reduced by -5% for actuating frequency about 2/3 of the natural shedding frequency. The largest increase in drag with synthetic jet was +18% for actuating frequency close to the natural shedding frequency. Kourta & Leclerc (2013) Drag control is very important issue in transport, due to fuel saving and reducing drive power. Despite the fact that bluff body drag control technique often causes drag increasing it can be also applied for e.g. braking or velocity control at constant drive power. The reduction of aerodynamic drag is possible both through active and passive methods.
Recently often used active method is synthetic jet produced by devices called zero net mass flux because the integration of the mass flow rate across the orifice or slot over an integer number of cycles is equal to zero. Synthetic jet actuator produce a train of vortex rings or pair which is in timeaveraged senses produce a jet: Holman et al. (2005) ; and Smyk (2017) .
The aim of this work is to investigate the influence of the synthetic jet on bluff body drag. In particular, the influence of input voltage in range 3-6 V, actuation frequency from 0 to 350 Hz and different orifice/slot configuration has been tested. Synthetic jets exit was on the back plate of the bullet shaped body. A single axisymmetric orifice, multiple axisymmetric orifices, and a slot were tested. The aerodynamic drag, drag coefficient and pressure distribution in wake were measured with and without the synthetic jet. In previous studies, the influence of various methods on the aerodynamic drag has been investigated for relatively small Strouhal numbers: St < 0.35; see Li et al. (2015) , and St < 0.4; see Gao et al. (2016) . In this work this range was extended up to St = 4.5.
EXPERIMENTAL SET-UP
The study was carried out in open-loop suction type wind tunnel located in Rzeszow University of Technology (Poland). The diameter of the measurement section is 1000 mm with a length of 1800 mm. The wind tunnel has a contraction ratio of 9. The fan is driven by a 90 kW DC motor with external cooling. The maximum free stream velocity reach 45 m/s with turbulence level less than 0.5%.
In order to perform the experiment, axisymmetric bullet shaped model was made. The skeleton of the model was made of aluminum, the housing was made of plexiglass tube, while the nose was made with ABS in rapid prototyping technology (Fig. 1) . External diameter and total length were D = 133 mm and L = 500 mm respectively, so the ratio L/D = 3.76. The nose was geometrically half an ellipsoid with total length of 145 mm. The outer surface of the nose has been polished. Measurement were performed with a free-stream velocity of 10, 20, 30 and 40 m/s, the blockage ratio of test section was only 1.8%. Force measuring system consisted of two load cells installed inside model and connected with aluminum skeleton and fairing. The cross-section of the aluminum fairing was symmetrical airfoil. The fairing was attached to a steel pipe that is installed in the wind tunnel test section. Wires from SJA and load cells passed through the openings in the fairing and inside steel pipe. Between fairing and plexiglass tube small gap was made which enabled the model to move under drag force. The BTENS-N6 load cells with a maximum measuring range of 3 N were used.
Load cells were connected to the DBK 16 card, which was installed in DaqBook2000 series data acquisition system. The DBK 16 is two channel strain gage expansion card, enabling 16-bit, 200 kHz measurement. The gain and offset has been selected so that high signal values can be obtained for the considered range of drag measurement. Next the calibration was carried out. The calibration process consisted of loading the model by the line and the reel with the standard masses. Calibration was carried out at 20 points covering the entire measuring range from 0 to 5 N. The sampling frequencies of force measurement was 5 kHz and measurement time was 120 s. The relative uncertainty of the force measurement was estimated at 2%. At the back of the model synthetic jet actuator was installed. It consisted of an STX M.11.100.8.MC loudspeaker of 115 mm diameter fitted to a plexiglass bushing fixed and sealed in the model tube (Fig. 2) . The loudspeaker nominal impedance is 8 Ω, measured resonance frequency is 90 Hz. In front of the loudspeaker diaphragm, a plexiglass plate (back plate) was mounted in which orifices or slot were located. Detailed geometries of the tested orifices/slot were presented in Fig. 3 and Table 1 . Each plate had a thickness t = 3 mm. SJA was powered by sinusoidal signal from function generator Rigol DG4062 and LM3886 
CALCULATION
The free stream Reynolds number is calculated as:
The Strouhal number is defined as:
The drag coefficient is defined as:
The experiment was carried out in accordance with Table 2 . A total of 24 cases were tested for three different orifices/slot geometries.
RESULTS
Shedding Frequency
The bullet-shaped body is a bluff body, and so a vortex shedding takes place at the rear sharp edge. Due to vortex shedding, the model starts vibrating. Instantaneous drag force for various free stream velocity is presented in Fig. 4 , and (for comparison purposes) instantaneous free stream velocity is presented in Fig. 5 . shows some low-frequency pulsations which results from the wind tunnel's constructional compliance.
Fig. 6. Fast Fourier transform FFT (SJ -off).
By applying fast Fourier transform of load cells signal, characteristic frequency can be obtained (Fig. 6 ). There are two frequency peaks for each velocity. First peak remains constant and corresponds to the body natural frequency. The second peaks vary due to vortex shedding frequency (Fig. 7) . Bullet shaped body natural frequency is 15.3 Hz. Calculating the Strouhal number for vortex shedding frequencies with synthetic jet switched off, St* = 0.07 can be obtained which compares well with literature values for similar flows: Khalighi et al. (2013) , Lanser et al. (1991) , Bearman (1967) .
Drag Coefficient
The bluff body drag depends on air density, free stream velocity, shape and orientation of the body.
Fig. 8. Drag versus free stream velocity (SJ -off).
The drag versus free stream velocity, when synthetic jet is switched off, is presented in Fig. 8 for different orifices/slots. As can be seen in this figure, after installing the new plate with the orifices/slot and after starting a new series of measurements, the results coincide. The measured drag is relatively small, for U = 40 m/s reaches F = 3.4 N.
Instead of drag, it is convenient to operate with drag coefficient. Drag coefficient as a function of Reynolds number for synthetic jet switched off is presented in Fig. 9 .
Fig. 9. Drag coefficient as a function of Reynolds number (SJ -off).
For Reynolds number less than 50000 the drag coefficient increases rapidly up to C D0 = 0.6 for Re = 13300 witch is in good agreement with data for laminar flow presented by Jiménez-González et al. (2013) . For Reynolds number from Re = 100000 up to Re = 350000 the drag coefficient is almost constant C D0 = 0.24.
SJA Power Consumption
Active drag control, in contrast to passive drag control, requires energy supply. Synthetic jet actuator is powered by electricity. Electrical power feeding a loudspeaker for three different orifices/slot geometries and for two power supply voltage is presented in Fig. 10 . The local minimum informs about the loudspeaker resonant frequency working in plexiglass chamber. This frequency is around 70 Hz. Lower power consumed by synthetic jet actuator for single orifice (SO, case 1 and case 5) results from the smallest hydraulic diameter with all investigated cases.
Single Orifice
This subsection presents the results of using single axisymmetric synthetic jet to bluff body flow control. Instead of drag coefficient, it is convenient to work with the ratio of drag coefficient with synthetic jet switched on to drag coefficient with synthetic jet switched off, i.e., C D /C D0 . Drag coefficient ratio versus frequency for 1-8 cases are presented in Fig. 11 . The C D /C D0 ratios reach local maximum or minimum close to SJA resonance frequency 70 Hz. Reduced drag coefficient versus Strouhal number is presented in Fig. 12 .
Fig. 11. Drag coefficient ratio versus frequency, (SJ -on).
The C D /C D0 ratio deviates from unity especially for low velocity (case 1 and case 5). If the free stream velocity is higher, the impact of the synthetic jet is smaller (case 4 and case 8). The vortex shedding reduced frequencies from bullet shaped body is about St* = 0.07, for synthetic jet on, maximum C D /C D0 ratios appear close to St = 0.7 or St = 1.4 whereas the minimum value appears close to St = 0.7 or St = 4.2.
Fig. 12. Drag coefficient ratio versus Strouhal number (SJ -on).
For free stream velocity 10 m/s maximum reduction of drag coefficient -6% occurs at St = 0.64 and E rms = 3 V, while the maximum increase of drag coefficient +14% occurs at St = 0.7 and E rms = 6 V. For the highest tested velocity 40 m/s maximum reduction of drag coefficient -1.2% occurs at St = 0.58 and E rms = 3 V, while the maximum increase of drag coefficient +1.1% occurs at St = 0.8 and E rms = 6V.
As mentioned previously, for free stream velocity U = 32 m/s, which is close to U = 30 m/s (case 3 and case 7), vortex-induced vibration takes place, however, the measured data for this cases does not give a significant discrepancy in relation to other cases.
Multiple Orifices
This subsection presents the results of using multiple axisymmetric synthetic jets to bluff body flow control. Drag coefficient ratio versus frequency is presented in Fig. 13 . The C D /C D0 ratios reach local maximum close to 110 Hz. Drag coefficient ratio versus Strouhal number is presented in Fig. 14.
Fig. 13. Drag coefficient ratio versus frequency, (SJ -on).
For synthetic jet on, maximum C D /C D0 ratios appear close to St = 0.5 or St = 1.5 whereas the minimum value appears close to St = 0.4 or St = 4.2.
Fig. 14. Drag coefficient ratio versus Strouhal number (SJ -on).
For free stream velocity 10 m/s maximum reduction of drag coefficient -2.6% occurs at St = 4.1 and E rms = 6 V, while the maximum increase of drag coefficient +10.2% occurs at St = 0.5 and E rms = 6 V. For the highest tested velocity 40 m/s maximum reduction of drag coefficient -2% occurs at St = 0.64 and E rms = 3 V, while the maximum increase of drag coefficient +2.1% occurs at St = 1.1 and E rms = 6 V.
Slot
This subsection presents the results of using slot emanating synthetic jets to bluff body flow control. Drag coefficient ratio versus frequency is presented in Fig. 15 . The C D /C D0 ratios reach local maximum close to 50-70 Hz. Reduced drag coefficient versus Strouhal number is presented in Fig. 16 .
For synthetic jet on, maximum C D /C D0 ratio is close to St = 0.5 whereas the minimum value appears close to St = 0.25 or St = 4.5. For free stream velocity 10 m/s maximum reduction of drag coefficient -3.9% occurs at St = 4.6 and E rms = 6 V, while the maximum increase of drag coefficient +19% occurs at St = 0.46 and E rms = 6 V.
For the highest tested velocity 40 m/s maximum reduction of drag coefficient -1.9% occurs at St = 0.25 and E rms = 6 V, while the maximum increase of drag coefficient +3.9% occurs at St = 0.5 and E rms = 6 V. 
Pressure Distribution
The dynamic pressure distributions are presented in it can be seen that along with increasing distances from the model, pressure recovery takes place. The aerodynamic drag arises from separated flows, causing pressure recovery losses and generation of vorticity in the wake. Synthetic jet allows to modify the pressure field in the wake, which can change the total body drag.
In Fig. 19 a comparison of pressure distributions was presented in far filed (x/D = 4) for synthetic jet switched off and syntehtic jet switched on, case 7, f = 130Hz. In this case drag reduction was -2.6%. From Fig. 19 it can be seen that the maximum pressure deficit in far wake decreases by about 50 Pa, but the width of the wake is increased. Modification of the aerodynamic wake with a synthetic jet gives rise to a decrease or increase in the pressure distribution which results in pressure drag change. 
DISCUSSION
The drag coefficient ratio versus free stream velocity for all cases is presented in Fig. 20 . The graph presents all measurement data for maximum and minimum C D /C D0 ratio values. The experiments show that, as the free stream velocity (or, equivalently, the Reynolds number) increases, the effectivity of synthetic jet on drag control decreases. The reduced drag coefficient versus free stream velocity for different orifices/slot geometries is presented in Fig. 21 . Fig. 21 . Reduced drag coefficient versus free stream velocity for different geometry.
The highest drag reduction is achieved for single orifice (SO), despite the fact that the hole is farthest from the sharp edge. However, for the slot, which is close to the sharp edge, less drag reduction is obtained. Moreover, for some parameters the highest drag increase is obtained.
Drag coefficient ratio versus free stream velocity for different voltage is presented in Fig. 22 . With increasing synthetic jet actuator supply voltage, momentum velocity increases, what was presented by . Therefore, as the voltage increases, the impact of a synthetic jet on the drag control increases. The synthetic jet actuator causes the reaction force, which decreases the drag force, however this situation takes place only when the SJA has a configuration as presented in Fig. 1 . In this study the resolution of force measurement prevented accurate measurement of this forces but Trávníček et al. (2005) , Trávníček et al. (2008) and Gil (2018) investigated experimentally SJA force and obtained maximum 10-35 mN. This result was obtained in an undisturbed field, whereas in this case there is an external air flow close to SJA.
CONCLUSION
The use of synthetic jet for active control of drag is promising. Experimental measurement were carried out to find out the relationship between orifice/slot geometry, SJA signal frequency, voltage and free stream velocity on decreasing or increasing drag. The measurements were carried out for the Reynolds number from 88000 to 352000 based on bullet external diameter and free stream velocity. During synthetic jet on, drag coefficient was reduced by about -6% and increased by about +22% in relation to the case with the synthetic jet off. The synthetic jet has more impact for relatively low free stream velocity. For single orifice, the largest drag reduction was obtained, while for slot the largest drag increase was obtained.
